Gibberella zeae, causal agent of Fusarium head blight (FHB) of wheat and barley and Gibberella ear rot (GER) of corn, may be transported over long distances in the atmosphere. Epidemics of FHB and GER may be initiated by regional atmospheric sources of inoculum of G. zeae; however, little is known about the origin of inoculum for these epidemics. We tested the hypothesis that atmospheric populations of G. zeae are genetically diverse by determining the genetic structure of New York atmospheric populations (NYAPs) of G. zeae, and comparing them with populations of G. zeae collected from seven different states in the northern United States. Viable, airborne spores of G. zeae were collected in rotational (lacking any apparent within-field inoculum sources of G. zeae) wheat and corn fields in Aurora, NY in May through August over 3 years (2002 to 2004). We evaluated 23 amplified fragment length polymorphism (AFLP) loci in 780 isolates of G. zeae. Normalized genotypic diversity was high (ranging from 0.91 to 1.0) in NYAPs of G. zeae, and nearly all of the isolates in each of the populations represented unique AFLP haplotypes. Pairwise calculations of Nei's unbiased genetic identity were uniformly high (>0.99) for all of the possible NYAP comparisons.
Although the NYAPs were genotypically diverse, they were genetically similar and potentially part of a large, interbreeding population of G. zeae in North America. Estimates of the fixation index (G ST ) and the effective migration rate (Nm) for the NYAPs indicated significant genetic exchange among populations. Relatively low levels of linkage disequilibrium in the NYAPs suggest that outcrossing is common and that the populations are not a result of a recent bottleneck or invasion. When NYAPs were compared with those collected across the United States, the observed genetic identities between the populations ranged from 0.92 to 0.99. However, there was a significant negative correlation (R = -0.59, P < 0.001) between genetic identity and geographic distance, suggesting that some genetic isolation may occur on a continental scale. The contribution of long-distance transport of G. zeae to regional epidemics of FHB and GER remains unclear, but the diverse atmospheric populations of G. zeae suggest that inoculum may originate from multiple locations over large geographic distances. Practically, the long-distance transport of G. zeae suggests that management of inoculum sources on a local scale, unless performed over extensive production areas, will not be completely effective for the management of FHB and GER.
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Population genetic analyses have been used to test hypotheses concerning the origin (16) and distribution (23) of plant pathogen populations. Population genetic structure may be used to infer sources of inoculum for local epidemics (2) , and may aid in the development of strategies for disease management (3) . An increased understanding of the genetic structure of plant pathogen populations is a prerequisite to developing innovative, rational, and informed approaches to managing plant diseases (29) .
Gibberella zeae (Schwein.) Petch (anamorph Fusarium graminearum Schwabe) is the primary causal agent of Fusarium head blight (FHB) of wheat and barley (1) and Gibberella ear rot (GER) of corn (48) in North America. FHB and GER are particularly important because grain infested with G. zeae often is contaminated with trichothecene mycotoxins that threaten the health of both humans and domesticated animals (27, 36) .
Ascospores of G. zeae are transported through the atmosphere to susceptible host plants (1, 38, 39, 46) . Epidemics of FHB and GER may be initiated by regional atmospheric sources of inoculum of G. zeae (8, 42, 43, 45) ; however, little is known about the origin of inoculum for FHB and GER and how far the inoculum may travel from its source. Recent evidence suggests that G. zeae may be transported through the atmosphere over long distances (15, 24) .
Decreases in tillage may have contributed to recent epidemics of FHB (27) and GER (14) by increasing the amount of regional atmospheric inoculum available for infection. Where a large, regional source of atmospheric inoculum exists, crop rotation or tillage practices may not effectively reduce the risk of FHB or GER in individual fields. An increased understanding of the genetic structure of regional atmospheric populations of G. zeae may aid in developing or excluding strategies for managing FHB and GER.
Studies of the genetic structure of populations of G. zeae collected from infected cereals in the United States have demonstrated that these populations are genetically diverse (50, 52, 53) . A study by Zeller et al. (53) examined the population genetic structure of eight populations (523 isolates) of G. zeae isolated from infected cereals across the United States. All of the populations were genotypically diverse, and extensive interpopulation genetic exchange appeared to have occurred across large geographic distances (53) . Epidemic populations of G. zeae in the United States may be part of a large, interbreeding population of the pathogen in North America (52, 53) .
Based on data from Walker et al. (50) and Zeller et al. (52, 53) , we hypothesized that atmospheric populations of G. zeae are genetically diverse (i.e., that inoculum for regional epidemics of FHB and GER comes from a well-mixed atmospheric population of G. zeae, potentially originating from multiple locations and mixed over large geographic distances). We tested this hypothesis by examining the genetic structure of New York atmospheric populations (NYAPs) of G. zeae, and comparing the structure of the NYAPs with the populations of G. zeae collected from infected cereals by Zeller et al. (53) from seven different states across the continental United States.
The specific objectives of this study were to (i) assess the genetic diversity in NYAPs of G. zeae; (ii) determine whether the NYAPs were part of a large, interbreeding population of G. zeae in North America; (iii) observe potential population differentiation between the NYAPs of G. zeae and populations collected by Zeller et al. (53) across the continental United States; and (iv) examine the potential contribution of long-distance transport to NYAPs of G. zeae. This study provides the first detailed description of the genetic structure of atmospheric populations of G. zeae.
MATERIALS AND METHODS
Isolate collection and identification. Viable, airborne spores of G. zeae were collected (Table 1) on petri plates containing a Fusarium-selective medium (FSM) placed in rotational (lacking any apparent within-field inoculum sources of G. zeae) wheat and corn fields at the Robert B. Musgrave Research Farm in Aurora, NY (40, 42, 43, 45) . FSM was the Nash-Snyder medium described by Burgess et al. (7), but with neomycin sulfate increased to 0.175 g/liter. Petri plates were exposed continuously from sunrise to sunset (approximately 6:00 a.m. to 8:00 p.m.), and from sunset to sunrise (approximately 8:00 p.m. to 6:00 a.m.). Following exposure in the field, the petri plates were collected, covered, and returned to the laboratory where they were incubated for 5 to 7 days at room temperature (22°C) under ambient light conditions. Salmon colored colonies typical of F. graminearum were subcultured onto fresh plates of FSM, transferred to carnation leaf agar (13) , and single-spored onto potato dextrose agar (PDA) (Difco Laboratories, Detroit). Single-spored cultures were transferred to sterile filter paper on PDA, dried in a laminar flow hood for 3 days, and placed in sterile envelopes at 4°C until analyzed. An arbitrary sample of 150 single-spored isolates tentatively identified as F. graminearum were transferred to carrot agar (5, 19) to confirm that they produce the homothallic perfect stage of G. zeae. Cultures on carrot agar were incubated at room temperature for 4 days. Plates were flooded with 1 ml of 2.5% Tween 60 and flattened with a bent glass rod (5). Cultures were evaluated 12 days later for the formation of perithecia.
DNA extraction. Isolates of G. zeae were grown in potato dextrose broth (6 g of Difco potato dextrose broth per liter of distilled water) for 4 days on a shaker at 150 rpm. The resulting mycelium was filtered through four layers of sterile cheesecloth and transferred to sterile 25-ml plastic centrifuge tubes. Mycelial samples were lyophilized for 24 h and stored at -5°C. DNA was extracted from the lyophilized mycelial samples with Qiagen's DNeasy Plant Mini-kit (Qiagen, Chatsworth, CA) according to the manufacturer's protocol.
Amplified fragment length polymorphisms. Amplified fragment length polymorphisms (AFLPs) were generated following standard protocols (49, 52, 54) . Three primer-pair combinations with two selective nucleotides on each primer were used: Eco+AA/Mse+AT, Eco+CC/Mse+CG, and Eco+TG/Mse+TT (52, 53) . The labeling of EcoRI primers, separation of DNA fragments, and generation of autoradiographs were performed as previously described (52, 54) . Polymorphic AFLP bands ranging from 100 to 800 bp in length were scored manually. Each band was treated as a distinct locus, with two alleles. Because G. zeae is haploid, AFLP markers can be scored unambiguously as dominant (band present) or recessive (band absent) alleles. Bands of the same size from different isolates were assumed to be homologous and represent the same allele. AFLP data were recorded in a binary format (allele present = 1 or absent = 0). We included AFLPs from G. zeae lineages 1 to 7 (33) as standards on the gels.
Analysis of the genetic structure of the NYAPs. PAUP 4.10 beta (Sinauer Associates, Sunderland, MA) was used to identify distinct and clonal AFLP haplotypes within each NYAP. Allelic binary data were analyzed with unweighted pair grouping by mathematical averaging (UPGMA).
Genotypic diversity ( Ĝ ) was calculated for each NYAP as previously described (28) . Normalized genotypic diversity was calculated by dividing ( Ĝ ) by the number of unique AFLP haplotypes observed within each population.
Popgene version 1.32 was used to calculate unbiased measures of genetic identity and genetic distance (31), allele frequencies, Nei's gene diversity (h) (30) , fixation index (G ST ) (26) , effective migration rate (Nm) (32), two-locus linkage disequilibrium (51), and multilocus linkage disequilibrium (47) . All AFLP data were analyzed as dominant markers occurring in haploid strains.
We performed χ 2 tests to identify differences in allele frequencies at individual AFLP loci among all of the NYAPs of G. zeae. The null hypothesis of no difference in allele frequencies at each individual locus was rejected in favor of the alternative hypothesis (significant difference in allele frequencies) if P < 0.01.
We assessed two-locus linkage disequilibrium at all 23 AFLP loci in each of the NYAPs (22) . The null hypothesis of linkage equilibrium was rejected in favor of the alternative hypothesis (linkage disequilibrium) at P < 0.01 or P < 0.05 for our χ 2 tests. A multivariate correlation analysis was used to test for multilocus linkage disequilibrium across all 23 AFLP loci in each of the NYAPs (47) . The null hypothesis of multilocus linkage equilibrium across all loci was rejected in favor of the alternative hypothesis (multilocus linkage disequilibrium across all loci) at P < 0.05 for our χ 2 tests. Methods for comparing genetic structure among U.S. populations of G. zeae. Popgene was used to calculate pairwise comparisons of unbiased genetic identity and genetic distance a Populations of Gibberella zeae were collected from the air over wheat and corn fields on petri plates containing a selective medium. Experimental fields were located in Aurora, NY. b Calculations of Ĝ were based on comparisons of allelic data at 23 amplified fragment length polymorphism (AFLP) loci (28) . c Normalized genotypic diversity ( Ĝ /n) was calculated by dividing Ĝ by the number (n) of AFLP haplotypes in each population.
(31) among 12 populations of G. zeae (four New York atmospheric populations, and eight populations from Zeller et al. [53] ) across the United States. Calculations were based on allelic data from 23 AFLP loci. A correlation analysis was used to test the relatedness of genetic identity to geographical distance for each pairwise comparison between populations. The correlation analysis (P < 0.05) was performed using PROC CORR in SAS system for Windows (release 8.02; SAS Intitute, Cary, NC). We scored the presence or absence of alleles at 157 polymorphic AFLP loci generated from three different primer-pair combinations, but used data for only 23 loci in the population genetic analysis. These 23 loci have been localized on a published genetic map of G. zeae (20, 52, 53) , and both alleles at all of these loci were present at >5% frequency in all of the populations. Zeller et al. (53) used the same set of 23 AFLP loci, which enables direct comparison of the two sets of results. (Table 1) . Pairwise comparisons of genetic identity and genetic distance between NYAPs were uniformly high (ranging from 0.990 to 0.997) and uniformly low (0.003 to 0.010), respectively ( Table 2 ). The allele frequencies in the four NYAPs differed significantly from one another (P < 0.01) at only 1 of the 23 loci scored (EAAMAT0263K) ( Table 3 ). Nei's gene diversity (h) (30) ranged from 0.124 to 0.499 (Table 3) , with an overall mean h of 0.337. The fixation index (G ST ) (26) ranged from 0.001 to 0.053 (Table  3) , with an overall mean G ST of 0.014. The effective migration rate per generation (Nm) (32) ranged from 9 to 411 (Table 3) , with an overall mean of 35.
RESULTS

We analyzed
Genetic structure of
Linkage disequilibrium in the NYAPs. For calculations of two-locus linkage disequilibrium in NYAPs (51) (Table 4) . We failed to reject the null hypothesis of multilocus linkage equilibrium for the Corn-2003 population (P = 0.069).
Genetic identity and geographic distance among U.S. populations. Pairwise calculations of Nei's unbiased genetic identity (31) for 12 populations of G. zeae (4 NYAPs and 8 populations from Zeller et al. [53] ) across the United States were uniformly high (ranging from 0.925 to 0.997) ( Table 5 ). There was a significant negative correlation (R = -0.59, P < 0.001) between genetic identity and geographic distance among these U.S. populations (Fig. 1) . Genetic identity was smaller (0.95 to 0.96) in the comparisons between the four NYAPs and the NY populations from Zeller et al. (53) than in the comparisons between the four NYAPs (ranging from 0.99 to 1.00) ( Table 5 ; Fig. 1 ).
DISCUSSION
Epidemics of FHB and GER may be initiated by regional atmospheric sources of inoculum of G. zeae (8, 42, 43, 45) . Little is known about the origin of inoculum for regional epidemics of FHB and GER (whether from local or distant sources), or how far the inoculum travels. We used AFLPs to test the hypothesis that atmospheric populations of G. zeae are genetically diversepotentially originating from multiple locations and mixed over large geographic distances. Our observation of high genotypic diversity in atmospheric populations of G. zeae is consistent with reports of high genotypic diversity in populations of G. zeae collected from infected cereals (4, 11, 37, 50, 52, 53) . Our results are consistent with the hypothesis that genetic diversity in atmospheric populations is the same as that found in field populations of G. zeae.
G. zeae has been postulated to include at least nine phylogenetic lineages with various continental origins (33, 34) . In the United States, populations of the pathogen are representative of G. zeae phylogenetic lineage 7 (52, 53) and appear to be composed of a single biological species (6) . Populations of G. zeae collected from infected cereals in China appear to be a part of a large, interbreeding population representative of G. zeae phylogenetic lineage 6 (17). Zeller et al. (53) used AFLPs of 523 isolates of G. zeae, representing eight populations of the fungus collected from infected cereals across the United States. All of the analyzed isolates in this study and in Zeller et al. (53) had AFLP profiles representative of G. zeae phylogenetic lineage 7. Calculations of genetic identity between NYAPs were uniformly high, and allele frequencies differed significantly among the NYAPs at only one locus. These results are consistent with the genetic similarity observed among populations of G. zeae collected from infected cereals over large geographic distances (up to approxi- mately 2,000 km) across the United States (53) . Thus, based on sampling of populations from the atmosphere and infected cereals, there appears to be one large, interbreeding population of G. zeae in North America. Recombination appears to have occurred in the NYAPs, as suggested by the high genotypic diversity observed in each of the populations. Low values of G ST (fixation index) (ranging from 0.001 to 0.053; mean 0.014) and high values of Nm (effective migration rate per generation) (ranging from 9 to 411; mean 35) suggest that there has been significant genetic exchange among the NYAPs (26, 32) . Relatively low levels of linkage disequilibrium were observed in the NYAPs. Two-locus linkage disequilibrium in the NYAPs was observed in a range of 1 to 4% of the locus pairs at P < 0.01, and in a range of 6 to 10% of the locus pairs at P < 0.05. None of the locus pairs showed evidence of linkage disequilibrium in all of the atmospheric populations. Three of the NYAPs (Wheat-2004 , Corn-2004 , and Wheat-2002 showed evidence of multilocus linkage disequilibrium. Though the NYAPs may be part of a large population of G. zeae that is potentially mating at random, relatively low levels of linkage disequilibrium imply that outcrossing is common and that the populations are not a result of a recent bottleneck or invasion. Other studies also have described relatively low levels of twolocus linkage disequilibrium (52, 53) and multilocus linkage disequilibrium (53) in populations of G. zeae. Although outcrossing under field conditions may contribute to high levels of diversity in populations of G. zeae, field isolates of G. zeae are homothallic and may reproduce sexually without a partner. Only a small amount of sexual recombination is needed to sustain high levels of genotypic diversity and the appearance of a randomly mating population (21) .
Airborne ascospores, rather than asexual macroconidia, are thought to constitute the principal inoculum for the infection of wheat spikes (1) and corn ears (48) . Several investigators have trapped spores of G. zeae from the atmosphere within and above crop canopies (9, 12, 24, 25, 35, 40, (42) (43) (44) (45) . Viable spores of G. zeae have even been collected on the roof-top of buildings kilometers from potential inoculum sources (15) . Studies with remote-controlled aircraft have demonstrated that viable spores of G. zeae are abundant in the lower atmosphere, at least 60 m above the earth's surface (24) . The maintenance of high genotypic diversity in populations of G. zeae from around the world (11, 17, 37, 52, 53) may result from long-distance transport punctuated by recombination events. Long-distance transport of G. zeae also suggests that the management of inoculum sources on a local scale would not be effective. Indeed, our data suggest that an effective "local" atmospheric population of G. zeae in New York might include most of the northern United States east of the Rocky Mountains.
Zeller et al. (53) suggested that genetic exchange among populations of G. zeae in the United States has occurred relatively frequently over time and over large geographic distances. The genetic identity between the NYAPs and the eight populations from Zeller et al. (53) were uniformly high (ranging from 0.92 to 0.99), suggesting that these populations were genetically similar and potentially part of the same large, interbreeding population of G. zeae in the United States. There was a significant negative correlation between genetic identity and geographic distance among these populations, suggesting that some regional differentiation could occur. Even if such differentiation occurs, these populations are still very similar and the level of differences relatively small (the lowest level of genetic identity between two populations was 0.937).
There also was evidence for intraregional differentiation in the populations as demonstrated by the comparisons of genetic identity among the four NYAPs, and between the four NYAPs and the New York population analyzed by Zeller et al. (53) . This result may be related to the 4-year interval over which these populations were collected. Schmale et al. (41) found that temporal subpopulations of the NYAPs maintained high levels of genotypic diversity over different temporal scales (i.e., isolates collected on consecutive days, during day and night sampling periods, during 2-h sampling intervals throughout the night, and collected at different field locations in the same year). High genetic diversity in the atmosphere over time could result from continuous mixing of atmospheric inoculum sources of G. zeae, potentially from multiple origins over large geographic distances (41) . Thus, small differences in population structure among regional populations of G. zeae may reflect the time that is required for alleles to move or establish themselves within populations separated by large geographic distances.
Strains of G. zeae introduced into the United States could interbreed with native strains. If so, individual traits could be incorporated relatively quickly into the existing populations and efficiently dispersed throughout the country. Under this scenario, it appears unlikely that introduced strains of G. zeae would maintain a unique clonal identity. Individual (or very closely linked) gene combinations are more likely to be incorporated into the genome than are multilocus traits that are dispersed across the genome. Immigrant strains of G. zeae with higher aggressiveness or altered toxin profiles, if transported long distances through the atmosphere, could spread rapidly across North America and displace native strains.
New strategies for managing FHB and GER may result from a better understanding of the population genetic structure of G. zeae. Our observation of high genetic diversity in atmospheric populations of G. zeae is consistent with long-distance transport and at least episodic recombination in populations of the pathogen. Risk assessment models for predicting FHB epidemics have been developed (10, 18) ; however, these models do not consider that inoculum deposited in local fields may have been transported through the atmosphere from multiple origins over large geographic distances. If a large, regional source of atmospheric inoculum of G. zeae exists, localized management practices (e.g., crop rotation or tillage) may not sufficiently reduce the risk of FHB or GER in individual fields.
